ted the calculation of allowable pollutant concentration in biosolids for each trace element (USEPA, 1993) to the amount applied to the soil-is critical to a number content. Biosolids treatments had no significant effect on crop yield.
R epeated land application of biosolids increases als to soils has been another issue of concern. Most of heavy metal concentration of soils (Sloan et al., the data used to develop the Part 503 rule were from 1998), which can result in an increase in trace metal studies in which trace metal uptake by plants was meauptake into crop tissue (Corey et al., 1987; Berti and sured immediately following or within a few years after Jacobs, 1996) . Plant uptake is one of the major pathways biosolids application. Some researchers contend that the by which biosolids-borne potentially toxic trace metals organic matter component of biosolids is the primary enter the food chain (Chaney, 1990) . factor controlling availability. Concerns have been raised The USEPA 40 CFR Part 503 "Standards for the that the availability of added trace metals may increase Use and Disposal of Sewage Sludge" (USEPA, 1993) after termination of biosolids applications due to the employed a risk assessment methodology (USEPA, 1992) decomposition of organic matter (Beckett et al., 1979 ; to establish trace elements standards for land-applied McBride, 1995) . The risk assessment conservatively asbiosolids. This rule considers the exposure of humans, sumes that the relationship between metal added in animals, and plants to biosolids trace metals through biosolids and plant uptake will be linear despite data 14 possible pathways. Each element has a reference that suggest that uptake will attain a plateau response. pollutant load calculated for each pathway to avoid detThe observed uptake patterns may be a result of the rimental effects to highly exposed individuals (USEPA, adsorptive inorganic components (Fe, Mn, and Al oxy-1995) . The limiting value for a particular metal is its hydroxide minerals) added to soils with the biosolids smallest reference pollutant load. This, in turn, permit- (Corey at el., 1987; Hettiarachchi et al., 2003) . According to the "plateau effect," the rate of trace metals Table 1 . Quantity of biosolids, trace metals, and total N and P concentrations in soils increase (USEPA, 1993) . It is applied at the NPAREC study site (Rappaport et al., 1988).
crucial to understand the long-term effects that applica- (Eriksson, 1990; Novozamsky et al., 1993) and have been 11.5% of the Cd limit, 50.7% of the Cu limit, 10.2% of the found to correlate closely with plant uptake (Hooda et Ni limit, and 22.1% of the Zn limit.
al ., 1997; Sanders and Adams, 1987) . Mehlich-1 and complexing extractants like DTPA tend to extract more Plot Management metals from soil than neutral salts solution and, thus, overestimate the amounts of metals immediately availThe experimental plots had been planted to Pioneer 3193 able to plants.
field corn annually for the period from 1984 to 2000. Plots were roto-tilled every spring in preparation for planting. All
The objectives of our research were (i) to evaluate plots received the same rates of N fertilizer according to Virthe long-term availability of biosolids-applied trace metginia Cooperative Extension (VCE) guidelines (Donohue and als in a weathered piedmont soil; (ii) to calculate and Heckendorn, 1994) . Phosphorus and K fertilizers were applied evaluate the UC values of Cd, Ni, Cu, and Zn for radish, according to VCE soil testing recommendations. Pest control romaine lettuce, and barley; and (iii) to determine the and weeding were performed according to VCE recommendaplant tissue metal uptake response of biosolids derived tions (VCE, 1992) . The aboveground portion of the crop was trace metals.
totally removed at physiological maturity. Lime applications in 1989 and 1998 were made to adjust the pH to 6.
MATERIALS AND METHODS

Cropping System Field Plots and Treatments
Three years of cropping was initiated in the spring of 2001 A field test was established in the spring of 1984 to evaluate to assess the phytotoxicity of Cu, Ni, and Zn and the phytothe use of aerobically digested sewage sludge (ADSS) from accumulation of Cd, Cu, Ni, and Zn by barley, radish, and a wastewater treatment plant with a major industrial input romaine lettuce cultivar Paris Island Cos. Barley was planted on cropland (Rappaport et al., 1988 Table 2 . Plots were irrigated reguof 18 g kg Ϫ1 , and a pH of 5.7.
larly to avoid moisture stress. Commercial fertilizer N (as Field experimental plots were constructed to prevent the ammonium nitrate) at 120 kg N ha Ϫ1 , P (as triple superphoslateral movement of biosolids constituents. The plots consisted phate) at 22 kg P ha Ϫ1 , and K (as muriate of potash) at 83 kg of an isolated volume of soil, 2.3 by 1.5 m and 0.9 m high.
K ha Ϫ1 were applied to each plot every spring as required Isolation of this soil volume was accomplished by excavating according to the Virginia Cooperative Extension (VCE) soil a trench 20 cm wide and 0.9 m deep and wrapping these soil testing recommendations (Donohue and Heckendorn, 1994) . blocks with 254-micrometer polyethylene film. Connection of the plastic wraps to wooden (5 cm wide by 20 cm deep) boards
Plant Analysis
around the plots above the ground ensured total lateral isolation (i.e., prevented lateral movement and runoff). An aerobiThe plants were harvested when physiologically mature. Radish tops were separated from globes, and radish and letcally digested biosolids was applied at rates of 0, 42, 84, 126, 168, and 210 dry Mg ha Ϫ1 in spring 1984. The treatments tuce samples were washed thoroughly with running tap water and rinsed three times with double-deionized water. The plant were arranged in a randomized complete block design with four replicates.
tissues were dried in a forced air oven at 70ЊC for 72 h or until constant mass was achieved. Dry weight was measured The biosolids contained considerably higher concentrations of trace metals than are currently found in typical land-applied by weighing dry subsamples of 6 lettuce and 16 radish plants concentrations and DTPA-, Mehlich-1-, and CaCl 2 -extractrandomly chosen. Crops were visually monitored throughout the growing season for any sign of deficiency or toxicity.
able trace metals were determined by Pearson correlation coefficients. Dried samples were ground in a stainless steel Wiley mill to pass a 0.5-mm sieve in preparation for chemical analysis. Ground samples were stored in paper bags and placed in the
RESULTS AND DISCUSSION
oven at 65ЊC to remove any moisture added during grinding and handling of the samples. Plant tissue was digested using Soil Chemical Analysis a nitric acid microwave method. A 0.5-g aliquot of each ground Soil organic matter (SOM) increased from Ͻ20 g kg
Ϫ1
sample was weighed and placed in a digestion vessel to which in the control to Ͼ60 g kg Ϫ1 at the high biosolids rate 10 mL of trace metal grade HNO 3 acid was added. Vessels in the year 1984 after biosolids application (Table 3) .
were tightly closed and transferred to the Ethos Plus 800 Microwave Labstation (Milestone Microwave Lab Systems, By 1992, the concentrations of SOM had decreased by Germany). Digestion followed a three-step program. at the site; however, the concentrations of both metals Statistical Analysis the metal uptake curves was tested using NLIN procedure. regression line of the metal concentration in plant tissue compared with the amount applied to the soil was taken as the † Values within columns followed by different letters are significantly different at the 0.05 probability level.
UC for those trace metals. Relationships between plant metal were lower than those extracted in 1984 despite the lower soil pH. This trend in declining extractability with time continued in 2001. Our results have shown a linear increase of Cu (R 2 ϭ 0.997) and Zn (R 2 ϭ 0.996) extracted with DTPA with increasing application rate; however, the amounts we extracted were much lower than the concentrations reported in 1984 (Table 4) , which indicates a significant decrease of metal availability with time. The decrease in organic matter content of the surface soil was accompanied by a significant decrease in the amount of extractable Cu and Zn (Table 4), which contradicts the hypothesis that organic matter is the primary constituent controlling biosolids' metal availability. Mehlich-1 and CaCl 2 extraction tests were not conducted in the first few years of the experiment so there is no basis to compare Mehlich-1 and CaCl 2 -extractable metals over time.
Seventeen years after application, the levels of DTPAextractable Cu and Zn decreased by as much as 50 to 64% and 40 to 52%, respectively. Mass balance calculations at this site showed that Ͼ95% of the applied metals remained concentrated in the top 20 cm (Sukkariyah et al., 2005) . The decrease in extractability could be attributed to metals reverting to a more recalcitrant form in soil, such as occlusion in Fe-oxides or chemisorption to surfaces. Bioavailability of trace metals in biosolids-amended soil typically has not increased years after land application has ceased (Bidwell and Dowdy, 1987; Hyun et al., 1998) . Chang et al. (1987) and Sommers et al. (1991) reported that the highest availability of trace metals occurred during the period immediately following biosolids application. In other studies, the availability of trace metals has been reported to decrease with 
Crop Yield
DTPA, 0.01 M CaCl 2 , and Mehlich-1(0.05 M HCl and 0.0125 M H 2 SO 4 ) increased linearly in response to bioBiosolids application rate did not affect the yield of solids additions (Fig. 1) . The ability of the extractants lettuce, radish globes, and shoots in any year (Table 5) .
to remove metals from the soil decreased in the order: There were no discernable differences in growth or viMehlich-1 Ͼ DTPA Ͼ Ͼ CaCl 2 across all rates. Extractsual signs of toxicity or deficiency due to treatment in able metal concentration was dependent on the total any of the crops, which is further evidence that plant metal content of the soil, which, in addition to pH, are growth was not affected by the biosolids treatment.
the most important factors in regulating the availability of Cd, Cu, Ni, and Zn to several plant species (Sauer-
Soil Test Extractant Correlations beck, 1991).
Correlations between the concentrations of Cd, Cu, The biosolids-amended surface soils have significantly higher trace metal concentrations than the control. The Ni, and Zn in radish globes and tops, lettuce, and barley and soil metals extracted by 0.05 M DTPA, 0.01 M concentrations of the trace metals extracted with 0.05 M ha Ϫ1 biosolids) (Fig. 2a) . Lettuce Cd concentration followed a similar pattern (Fig. 2b) . Radish globe Zn exhibCaCl 2 , and Mehlich-1 were variable (Table 6 ). Extractable ited a plateau-type response (negative coefficient of fractions increased markedly in the biosolids-amended soil nonlinearity) (Table 7) (Fig. 2c) . Barley also showed tractable levels in soil was greater for Zn than Cu. Copper a plateau-type response (Table 7) . and Zn concentrations in plants were better predicted
Copper concentration in radish tops (Table 7) , barley by the Mehlich-1 test, but correlations with CaCl 2 and (Table 7) , and radish globes (Fig. 2d ) increased with bio-DTPA were also highly significant. There were poor solids rate. Lettuce Cu concentration was not increased relationships between biosolids treatment and lettuce by biosolids rate. The concentration of Cu in radish tissue Cu concentration (Table 6 ). The DTPA better globes (Fig. 2d) (Table 7) . Both linear and plateau-type response to assess the metal fraction potentially available to these curves were observed (Fig. 2e) . The increase in Ni concrops grown at this site. It is important to note that centration was linear for the 2003 growing season. Mehlich-1 is acidic and could dissolve metals from the Chaney and Ryan (1992) demonstrated that plant solid phase that may not be available in the short term.
uptake would be lower than predicted by the linear The concentrations of trace metals extracted with regression model used to formulate the Part 503 rule CaCl 2 and DTPA were much lower than Mehlichwhere plant tissue concentration attains a maximum 1-extractable metals. The concentration of the extractwith increasing biosolids rate (plateau theory). Several ant and soil/solution ratio we used may have been low studies (Chang et al., 1987; Logan et al., 1997; Brown for metal-enriched soils. Norvell (1984) suggested that et al., 1998) have provided evidence that biosolids trace no more than half the complexing capacity should be metals uptake by wheat (Triticum aestivum L.), corn, used when extracting trace metals with a complexant; and several vegetables reaches a maximum with biootherwise, the concentration will be influenced by the solids application rate. Linear uptake curves were also concentration of the other trace metals (Esnaola et al., reported in several studies. For example, Logan et al. 2000; Li et al., 2000) . Metal exchange with Ca and metal (1997) demonstrated that lettuce grown on a silt loam dissolution might have been incomplete due to the low soil that received a one-time application of sewage (0.01M) concentration used (Esnaola et al., 2000) .
sludge at rates up to 300 Mg ha Ϫ1 exhibited linear (decreasing with time) uptake curves.
Plant Tissue Uptake Response
The reasons for plateau responses have been speculated by many researchers. Corey et al. (1987) suggested The responses of plant tissue trace metal concentrathat metal uptake would approach a maximum (plateau) tions to biosolids application rate are shown in Fig. 2 .
at high biosolids metal loadings because the amended Concentrations of the trace metals were plant speciessoil had higher metal adsorption capacity than the unspecific. The metal concentrations in all crops were amended soil. Chaney and Ryan (1993) proposed that higher in the biosolids treatments than in the control increasing biosolids application increases the metal adbut remained well within the values observed for unconsorption capacity of soil in addition to soil metal concentaminated soils (Kabata-Pendias and Pendias, 1991).
tration; thus, metal availability at high biosolids applicaNone of the trace metals attained toxic concentrations.
tion declines as the specific metal adsorption capacity of The relationships between tissue concentrations and the amended soil increases (Hettiarachchi et al., 2003) . the concentration of metals in soil are shown in Fig. 2 for Plant mechanisms such as exclusion of trace metals, selected plants and metals (representing the different limited transport from root to shoot, and saturation of uptake patterns) and Table 7 . Metal concentration in the carrier system might also contribute to the observed plants displayed a nonlinear plateau response in most cases. The negative coefficients of nonlinearity indicated decrease in uptake slope at high metal loadings (Hamon , 1999; McBride, 1995) . Hamon et al. (1999) proin Table 8 . The slope of the linear regression curve posed that bioavailability will plateau at some biosolids represents the UC or the efficiency of metal transfer loading rate and metal uptake by plants will follow the from soil to plants. The UC values estimate the relationsame trend if attenuation of metal concentration is due ship between metal uptake by crops and the amount to biosolids chemistry. Metal concentrations in plants added to soil. Plants that assimilate greater amounts of grown at this site displayed a plateau response to trace metals have higher uptake coefficients. metals from biosolids applied in most cases. Response
The UC values of trace metals in our study varied was plant species-dependent, metal dependent, and varwidely among crops. Lettuce had a higher assimilative ied among growing seasons. These observations show capacity for uptake of Zn and Cd than other garden that in addition to soil reactions, plant uptake control crops. The UC for Cd by lettuce was 10 times those mechanisms play an important role in regulating metal for radish globes and tops. Leafy plants like lettuce uptake.
demonstrate high potential for Cd uptake and transport to edible crop tissues and are the most responsive of the
Plant Uptake Coefficients
garden vegetables to changes in soil Cd concentration (Brown et al., 1998) . The average Cd UC for the crops A comparison of the range of UC values calculated was in the order: lettuce ϾϾ radish globes Ͼ radish tops. for the trace elements in our study and the UC values employed in the USEPA risk assessment is presented
The Zn UC was 1.1 to 2.3 times higher in lettuce than radish. The relative assimilative capacity of the crops matter concentration in the biosolids amended plots. We conclude that the mineralization of biosolids-applied in our study for Zn followed the same order as for Cd.
The lowest UC value for all three crops was for Cu, organic matter did not increase availability due to loss in metal binding capacity associated with organic matter whose uptake in plants to excess concentrations is limited by the soil-plant barrier (McBride et al., 2003) . The as some researchers have proposed. Metal uptake by plants displayed both plateau-and USEPA concluded that Cu does not pose any significant crop food chain risk to humans (Pathway 1 and 2) linear-type responses. Most of the linear responses were observed for the 2003 growing season, when soil pH (USEPA, 1992); therefore, Cu UC values for these pathways were not computed. Our results supported this dropped to below 5.5. Extractable soil trace metals increased linearly with biosolids additions; therefore, it is conclusion, as UC values for Cu were shown to be very low. Radish globes have the highest Cu UC, followed difficult to conclude whether the plateau response was solely the result of soil metal attenuation or a combinaby radish tops and lettuce.
The Ni UC decreased in the following order: radish tion of soil and plant physiological factors. The UC values varied widely among crops as well as among years globes Ͼ radish tops and lettuce. The UC values reported in this study are in agreement with those used for a given crop. The UC values determined for lettuce increased in the order: Cu Ͻ Ni ϽϽ Zn Ͻ Cd; for radish in the USEPA risk analysis (Table 8) .
globes and tops they increased in the order: Cu Ͻ Cd Ͻ Ni Ͻ Zn. The UCs observed for Cd and Zn were higher
CONCLUSIONS
No adverse effects on plant growth or excessive amounts 
